A new p-tert-butyl-calix [8] arene-bonded silica gel stationary phase (CABS) was prepared via 3-glycidoxypropyltrimethoxysilane as a coupling reagent for HPLC. Its structure was characterized by diffuse reflectance infrared Fourier transform spectroscopy (DRIFT), elemental analysis and thermal analysis. The chromatographic performance of new packing was evaluated by using basic, acidic and neutral aromatic compounds as probes compared with conventional ODS. The results show that the new stationary phase has an excellent reversed-phase property and high selectivities for substituted aromatics compared with ODS, because CABS can provide various sites for the analytes, such as hydrogen-bonding interactions, π-π interactions, and inclusion complex, besides hydrophobic interactions.
Introduction
Calixarenes, cavity-shaped macrocycles, have attracted much attention mainly in supramolecular chemistry and analytical chemistry for the past twenty years, because they can form typical host-guest complexes with both many neutral molecules and ions, like cyclodextrins and crowns. 1, 2 In recent years, the potential of this class of macrocycles has also been shown for several applications in gas chromatography (GC), highperformance liquid chromatography (HPLC) and capillary electrophoresis. [3] [4] [5] [6] The results show that the recognition of calixarenes for many solutes facilitates to improve the separation selectivity. 7 In 1993, Glennon and coworkers [8] [9] [10] prepared silica-bonded calix [4] arene tetraester and silica-bonded calix [4] arene tetradiethylamide stationary phases to separate metal ions and amino acid esters for the first time. Gebauer et al. [11] [12] [13] successfully separated disubstituted aromatics, nucleosides, uracil derivatives, estradiol epimers and cis/trans isomers of proline-containing peptides on calix[n]arene-bonded (n = 4, 5, 6, 8) silica gel. Menyes et al. 14 reported that a hexapropylether of p-tert-butyl-calix [6] arene was covalently linked to silica for the separation of PAHs and fullerenes, and showed higher selectivity and lower consumption of the solvent than conventional RP-C18. In the past few years, our research group has prepared p-tert-butyl-calix [6] arene-bonded and p-tert-butylcalix[n]arene-bonded (n = 4, 6, 8) silica-gel stationary phases by a one-pot method with coupling reagents, and investigated the chromatographic separation of some positional isomers, polycyclic aromatic hydrocarbons (PAHs), nucleosides, bases and sulfonamide drugs. 15, 16 The results show that calixarenebonded stationary phases are excellent reverse-phase packings with inclusion capability. However, in contrast to cyclodextrinbonded phases, the studies on calixarene-bonded stationary phases are too few.
In our laboratory, Xu et al. 15 has prepared the p-tert-butylcalix [6] arene-bonded phase via a breaking ring reaction of 3-glycidoxypropyltrimethoxysilane as a coupling reagent and perchloric acid as a catalyst. The bonded amount of the stationary phase was less than 0.06 mmol g -1 , which could not exhibit ideal separation for the solutes to be tested because of poor selectivity due to a lower bonded amount and column efficiency. In the preparation, the phenolic hydroxyl groups of the calix [6] arene were suppressed by HClO4 as a catalyst, leading to a lower bonded amount.
In this paper, we describe a facile method (scheme shown in Fig. 1 ) for the preparation of a new p-tert-butyl-calix [8] arenebonded silica-gel stationary phase (CABS) with the same coupling reagent in the presence of NaH and a phase-transfer catalyst. The structure of the new bonded phase has been characterized by using elemental analysis, diffuse reflectance infrared Fourier Transform spectroscopy (DRIFT) and thermal analysis. Its chromatographic performance was evaluated by using different solutes as probes, and a separation mechanism was proposed compared with conventional ODS.
Experimental

Apparatus
Elemental analysis was performed with a MOD-1106 elemental analyzer (Italy). A Model 710 instrument (Nicolet Analytical Instruments) was used to analyze the Fourier Transform infrared spectra (FTIR). The liquid chromatographic system was composed of a Shimadzu LC-10AT pump, a Rheodyne Model 7125 injector with a 20-µl loop, and a Shimadzu SPD-10A variable-wavelength UV-detector attached to an Echrom98 chromatographic data system (Dalian Elite Company, Dalian, China).
A Shimadzu DT-40 thermal analyzer was used for thermogravimetric analysis. Surface-area and pore-size analyses were carried out on a Coulter (Florida, USA) SA 3100 Plus surface area and pore size analyzer.
Reagents
Silica (Kromasil, 5 µm particle size, 100 Å) and ODS (Kromasil C18, 5 µm particle size) were purchased from Akzo Nobel (Sweden).
3-Glycidoxypropyltrimethoxysilane was purchased from Wuhan University Chemical Plant (Wuhan, China). p-tert-Butyl-calix [8] arene was synthesized according to a reported procedure. 17 Other reagents were obtained from various commercial sources, and were analytical grade unless indicated. Water was doubly distilled water.
Preparation of CABS
The preparation scheme of the new stationary phase (CABS) is shown in Fig. 1 . The silica gel (10 g) was pretreated according to conventional methods by hydrochloric acid to remove any metal ion and to maximize the number of silanol groups on the surface, and was then heated at 160˚C for at least 10 h, and kept in a desiccator before use.
A mixture of 5.0 ml of 3-glycidoxypropyltrimethoxysilane and 4.0 g of activated silica gel in 50 ml of dry toluene distilled freshly was stirred and heated at reflux under streaming dry nitrogen gas with 0.1 ml of triethylamine as a catalyst for 6 h. The bonded silica gel was first filtered, and then washed with toluene and acetone; 4.82 g of 3-glycidoxypropyl-bonded stationary phase (GBS, the spacer-bonded silica gel) was obtained and used as a precursor of the following reaction.
A mixture of 1.0 g p-tert-butyl-calix [8] arene and 0.1 g NaH in 50 ml anhydrous toluene was heated with stirring under an inert atmosphere at 80˚C for 30 min. Subsequently, 2.5 g GBS and 0.5 g phase-transfer catalyst were added to the suspension and heated immediately to reflux for 24 h. The bonded-material was filtered and washed in sequence with toluene, acetone, doubly distilled water, dimethylformamide and acetone. Finally, the calix [8] arene-bonded stationary phase (CABS) was dried at 120˚C and weighed 2.71 g of CABS.
Chromatographic procedure
The bonded phases (CABS, GBS and ODS) were respectively packed into stainless-steel columns (150 × 4.6 mm i.d.) by using the balanced-density slurry technique. The mobile phases were methanol-H2O, unless indicated. The flow rates of the mobile phases were generally set at 0.8 ml min -1 . The samples were dissolved in methanol or mobile phases, and kept in a refrigerator (in the dark). The wavelength of detection was at 254 nm. The concentration of the samples ranged from 50 to 200 µg ml -1 . Typically, 5 µl portions of the sample solutions were injected. The aqueous solution of a 0.05 M sodium nitrate was used as a probe to determine the dead time. All measurements were carried out at ambient temperature (25 ± 2˚C) and repeated at least twice.
Results and Discussion
Preparation of bonded phases
The column packing material is always a key factor that influences the development of high-performance liquid chromatography. Though the preparation of calixarene-bonded silica gel has been studied extensively, unfortunately the most synthesizing methods were patents. The reported methods mainly include hydrosilation addition, thiolene addition and the condensation reaction of the coupling reagents. [9] [10] [11] [12] The addition reaction of p-allycalixarenes with triethoxysilane under catalysis with hexachloroplatinic acid was a usual method to prepare the calixarene-bonded phases. 10 In this work, a new approach proposed for CABS included two steps: the precursor, 3-glycidoxypropyl-bonded stationary phase (GBS), was first synthesized; then, the calix [8] arene bonded phase was prepared by using the phenolic sodium of calix [8] arene in the presence of a phase-transfer catalyst, such as quaternary ammonium salt, to cleave the epoxy group of GBS. On one hand, the facile method can avoid the complicated manipulation and rigorous reaction of hydrosilation addition. On the other hand, the active nucleophile, sodium of the calix [8] arene with the aid of a phasetransfer catalyst, can lead to a higher bonded amount.
Characterization of the new calix[8]arene-bonded phase
The bonded amount of CABS was found to be 0.071 mmol g -1 according to the carbon content (Table 1) , which was greater than the reported value. 16, 18 However, the bonded amount was very small, compared with ODS, which indicates that the hindrance effect of the bulky group was obvious in the immobilization.
The diffuse reflectance infrared Fourier transform spectroscopy (DRIFT) with silica as a blank is a method of FTIR for solid samples. The spectrum of DRIFT shows the disappearance of a strong absorption band at 3600 -3700 cm -1 , which is characteristic of the residual Si-OH stretching frequency after the subtraction of bare silica. Peaks at 2955.33, 2868.28, 2806.83 cm -1 are assigned to the C-H stretching frequency. The characteristic absorption band of the benzene ring should appear at 1659.74, 1608.53, 1536.84, 1470.27 cm -1 , and peaks at 1367.85, 1295.3 cm -1 are assigned to the C-H bending frequency of the butyl group. In the fingerprint area, the characteristic absorption of a tetra-substituted benzene ring is too weak to discern. The IR spectra indicate that the calix [8] arene ligand existed on silica gel.
The thermal analysis of CABS shows that weight loss is mainly in the range of temperatures from 300 to 600˚C, which was over GBS (250 -500˚C). This indicates that the new packing possesses high heat and chemical stability, which is preferable to GBS. Meanwhile, thermal analysis also shows that the CABS lost weight by 28.94%, which was consistent with its gained weight to bare silica gel in the preparation procedure.
The surface area and the mean particle size of bare silica were 310 m 2 g -1 and 5 µm. Its mean pore size and mean pore volume were 100 Å and 0.9 ml g -1 , respectively. After immobilization, the measuring surface area and mean pore volume of CABS was reduced by 26.5% and 28.4%, respectively. As can be seen from Table 2 , the retention values of polycyclic aromatic hydrocarbons (PAHs) on CABS were much higher than those on GBS. After immobilization, a strong hydrophobic surface was exhibited. The above results indicate that the calix [8] arene was successfully immobilized to the spacer silica gel.
Column efficiency and stability of CABS
The column efficiency of the new calix [8] arene-bonded phase was determined by using methanol-water (70:30 v/v) as a mobile phase and biphenyl as a solute probe at a flow rate of 0.8 ml min -1 . Under this condition, the retention time of biphenyl was 20.09 min and the theoretical plate number was about 35000 per meter. The column had alternately been eluted with methanol and methanol-0.02 M H3PO4 for eight months. The retention time of biphenyl on CABS was 20.09 ± 0.3 min, and the column efficiency was reduced by 10%. The results show that the new bonded phase is stable and repeatable in the chromatographic procedure. The long-time stability of CABS will be further investigated.
Separations of alkylbenzenes, PAHs
As can be seen from Fig. 2(a) , better separation of PAHs on CABS can be achieved. The carbon number rule was observed in the separation of alkyl benzene homologues (Fig. 2(b) ). A further investigation showed that the retention values of PAHs decreased with increasing methanol content in the mobile phases. The results indicate that the new stationary phase can behave as a reversed-phase packing, and that the hydrophobic interaction played a significant role in the retention of PAHs. As can also be seen in Fig. 2(b) , the slope of the curve on CABS was less than that on ODS under the same condition. The retention values of PAHs on ODS were greater than those on CABS (Table 2) . Obviously, the hydrophobicity of ODS was superior to CABS, but the latter had a higher speed in the separation of the above mentioned aromatics.
Separation of positional isomers of substituted aromatics
Firstly, a limited ability to separate the position isomers on GBS was observed. Moreover, the retention values of the analytes on this packing fluctuated in acidic mobile phases, which might partially result from hydrolysis of the epoxy groups.
However, CABS exhibited stronger retention and higher selectivities for the aromatic isomers with polar groups (OH, NH2, NO2, COOH) than ODS (Table 3) . According to the chromatographic data, some conclusions can be made as follows:
(i) Hydrophobic interaction: Hydrophobic interactions on CABS plays a significant role in the separation of the isomers. For example, ortho-isomers with an intramolecular hydrogen bond were finally eluted on CABS and ODS. The retention of isomers was also dependent on the ionization property of the solutes, which was similar to ODS. It is very obvious that the hydrophobic interaction commonly existed in the separation of the isomers, which corresponds with the natural reversed-phase property of CABS.
(ii) Hydrogen bonding interaction: The retention values of the solutes with hydrogen-donor groups (-OH, -NH2, -COOH) on CABS are higher than those on ODS, though the latter has a higher carbon loaded and bonded amount. For this reason, the additional sites should provide the interactions of solutes with CABS. The hydrogen bonding interaction between the solutes and the ether-oxygen of CABS is conceivable. For example, the retention values of benzenediol, methylaniline, aminobenzic acid, chlorobenzoic acid, etc. on CABS are greater than those on ODS.
(iii) π-Electron transfer: The isomers of nitrophenol, nitroaniline and nitrobenzoic acid on CABS exhibit much ; UV, 254 nm. Peaks: 1, benzene; 2, toluene; 3, xylene; 4, naphthalene; 5, biphenyl; 6, fluorene; 7, phenanthrene; 8, anthracene; 9, fluoranthene. stronger retention than those on ODS. These nitro compounds also have longer retention times than the other analytes. Moreover, the separation of these isomers on CABS was improved. The reason for these phenomena is more likely to be due to π-electron transfer between the calix [8] arene and the nitro compounds for the electron-withdrawing effect of nitro groups.
(iv) π-π interaction: For example, the phenols and anilines exhibit stronger affinity to CABS, instead of ODS. Further study found that the retention of the analytes was slightly dependent on the pH of the mobile phases. This phenomenon indicates the existence of additional interactions between the parents of the solutes (e.g. benzene ring, naphthalene ring) and the moiety of the calixarenes. In this case, a π-π interaction can be assumed.
(v) The synergistic effect: As can been noticed in Table 3 , the elution orders of naphthols and naphthylamines on CABS were different from that on ODS. Obviously, they can be ascribed to the synergistic effect of the π-π interaction and the hydrogenbonding interaction (among aromatic rings, hydroxyl, amino groups), which is absent in ODS. The elution order of the naphthol isomers was β (pKa 9.57) < α (pKa 9.30), while it was α (pKb 10.08) < β (pKb 9.89) for naphthylamines on CABS.
This can be explained as follows: on one hand, α-naphthol with stronger acidity can ionize into more α-naphthoxylic anions, and β-naphthylamine has a stronger alkaline relative to α-naphthylamine.
Both α-naphthoxylic anions and β-naphthylamine are better electron-donors with high electron density. Thus, the stronger π-π interaction with CABS led to being eluted finally. On the other hand, both α-naphthoxylic anions and β-naphthylamine are also better hydrogen-acceptors. They facilitated to the formation of hydrogen bonds with the residual phenolic hydroxyl groups of CABS. The two effects determine the elution orders of the naphthols and the naphthylamines.
(vi) The inclusion interaction: A strong retention of nitroaniline isomers on CABS can be found in Table 3 . the retention factors of nitroanilines are ten-times more than those of phenylendiamine isomers under the same chromatographic condition. Apparently, only the electron-withdrawing effect of the nitro group can not explain it clearly. The phenomenon may be explained by the inclusion complex of the analytes in the larger calix [8] arene. 11, 12 As shown in Table 3 , the paranitroaniline was firstly eluted on ODS, which correlates to its ionization. However, the elution order of nitroaniline isomers on CABS, or the reported calixarene columns, are m < p < o, and m < o < p, 12 respectively. The results imply that the linear shape of the para-isomer facilitates to deeply be included into the cavities of the calix [8] arene. 19 Nevertheless, the inclusion property of CABS has to be further verified.
Conclusions
A new p-tert-butyl-calix [8] arene-bonded silica gel stationary (CABS) phase was prepared via a breaking ring reaction of the coupling reagent on the surface of the solid in the presence of NaH and a catalyst. Its structure and chromatographic property of the bonded-phase were characterized. Based on the above results, CABS is an excellent reversed-phase material with versatile chromatographic performance. This is because it can provide various sites for solutes, and various retention mechanisms were employed in the separation processes, such as hydrophobic, hydrogen-bonding, π-π and inclusion interactions. The new material exhibits high selectivities for the aromatics compared with the conventional RP-C18.
The retention mechanism and application of the new calix [8] arene-bonded stationary phase still must be further investigated.
